Abstract. To promote more effective utilization of wheat straw for cleaner heat energy production with reduced greenhouse carbon and polluting emissions, experimental study and mathematical modelling of the processes of wheat straw co-combustion with wood and peat pellets are carried out with the aim to assess the impact of the mixture composition on the development of the main gasification/combustion characteristics and heat energy production. The processes of thermal decomposition of wheat straw mixtures and combustion of volatiles were studied experimentally by varying the mass load of wheat straw pellets in the mixtures. The development of the main gasification/combustion characteristics was studied experimentally using a batch-size pilot setup with a heat output up to 2 kW, which combines a biomass gasifier and a combustor. The results of the experimental study and mathematical modelling suggest that creating a mixture of fuels, which have different elemental compositions and heating values of the components, makes it possible to control the thermal decomposition of wheat straw by varying the mass flow of volatiles entering the combustor and so improving the combustion conditions in the flame reaction zone, which results in faster ignition with more complete combustion of the volatile compounds and in cleaner heat energy production.
Introduction
Biomass pellets (wood, wheat straw, rape straw, and peat) as fuels are of great interest for district heating because they can contribute to greenhouse gas emission reductions and provide a more efficient use of local energy resources. The test experiments of their applicability for the heat energy production have shown that wood pellets are most suitable as a fuel in boilers without any operational problems [1] . Problems can arise if wheat straw or peat pellets are used as a fuel for the heat production, because they have a higher ash and nitrogen content and a higher release of hazardous emissions (PAHs, CO, HCl) during their thermal decomposition, with serious impact on the boiler operation, human health and on the environment [2; 3] . Actually, the operational and ash-related problems of boilers can be partially reduced by the co-combustion of such mixtures as straw with wood, coal or peat [4; 5] . Co-combustion of different solid fuels allows to improve the boiler operation, to control the slagging and fouling tendency, ash deposition and bed agglomeration as well as the formation of polluting emissions. The results of advanced studies of these processes [4] [5] [6] show that the development of these processes is highly influenced by the variation of the chemical and elemental composition of biomass pellets to be mixed and depends on the mass load of fuels in the mixture. In fact, it is very difficult to predict and extrapolate the results of experimental studies which might be obtained for a specific fuel mixture to biomass mixtures with a different elemental and chemical composition of the components. Therefore, a more fundamental research with mathematical modelling and numerical analysis of the processes is required to understand the main mechanisms determining the development of the gasification/combustion characteristics of biomass mixtures, slagging, fouling, ash deposition and bed agglomeration as well as of the development of the main processes that are responsible for the formation of the composition of polluting emissions [6] . The reported study is mainly concerned with detailed investigations of the gasification/combustion characteristics and of the composition of the products by co-combusting wheat straw pellets with wood and peat pellets and by combining the experimental results with those of mathematical modelling and numerical analysis of the processes in order to assess the main factors which determine the development of thermo-chemical conversion of these mixtures, the heat output and the composition of emissions.
Mathematical modeling and numerical results
We focus on the combustion characteristics of the biogas, with CO, H 2 being the main combustible volatiles. The experimental series of this study has demonstrated that the rate of formation of the volatile gases in the gasifier depends on the stage of the gasification process as well DOI: 10.22616/ERDev2017.16.N011
as on the composition of the biomass. The production of heat and emissions in the burner section is controlled by the composition and mass flowrate of the volatile gases. We developed a model in the ANSYS Fluent CFD environment. Fig. 1 . Geometry of the gasifier and combustor. Primary air inlets are depicted by circles
The combustor is modelled as a cylinder of the length ~600 mm, radius 30 mm, with the bottleneck imitating the burner nozzle with the radius 15 mm. Two inlets for primary air are added to generate a swirling flow. The gasifier is presented as a device for mixing CO, H 2 at the bottom of the geometry, cf. Fig. 1 Two exothermic reactions are used for combustion of H 2 and CO. The models applied are energy equations with radiative heat transfer (P1 model), the k-ε turbulence model with the constants C µ = 0.0845, C 1ε = 1.42, C 2ε = 1.68, the wall Prandtl number = 0.85; for both species a non-premixed combustion model, boundary conditions accounting for the heat transfer to the walls and the backflow temperature at the outlet are applied. The temperature for the primary air is set to 295 K and to 650 K for the biogas. The mass flowrate of the primary air is 10 -3 kg·s -1 , and the mass flowrate of the biogas was varied in the range (1-6)·10 -4 kg·s -1 .
A non-stationary simulation is performed until a quasi-stationary state is obtained. The sample streamline plots are shown in Fig. 2 
Experimental research
To study the effects of the wheat straw co-gasification/co-combustion with wood or peat pellets, a batch-size pilot device was used combining a biomass gasifier and a combustor [7] of inner diameter D = 60 mm and of total length up to 600 mm. The gasifier was filled up with a mixture of biomass pellets. The total mass of a mixture, which is supplied into the gasifier, depends on the density of the components and on the mixture composition and it was varied in the range from m = 160 g to m = g. The gasifier is separated from the combustor by the conical nozzle of inner diameter 40 mm. The thermal decomposition (gasification) of biomass pellets (straw, wood, peat and their mixtures) was initiated by injecting a propane flame flow directly into the upper part of the biomass layer with the given average heat input 1 kW. The additional heat supply was switched off at t ≈ 360 s providing the co-combustion of straw with wood pellets and at t ≈ 700 s providing the co-combustion of straw with peat pellets. The primary air was supplied below the layer of biomass pellets at the average rate 20 l·min -1 to sustain the thermal decomposition of the main biomass components (hemicellulose, cellulose and lignin). The thermal decomposition of the biomass pellets developed under the fuel-rich conditions (α < 0.5) and resulted in the formation of the axial flow of the combustible volatiles (CO, H 2 ) and CO 2 products entering the combustor. The secondary swirling air was supplied below the inlet nozzle of the combustor, close above the propane flame injection nozzle, at the average rate 30 l·min -1 . The secondary air was used to provide enhanced mixing of the axial flow of the combustible volatiles with the air swirl and to support the self-sustaining combustion of the volatiles (CO, H 2 ) downstream the water-cooled combustor. The combustion of the volatiles develops at the air excess ratio α ≈ 1.6-2 in the flame reaction zone and at the average value of the inlet air flow swirl number S ≈ 0.3-0.45 which was estimated from the measurements of the average values of the axial (u z ) and tangential (u φ ) flow velocities (S ≈ 2/3⋅u φ /u z ) close above the inlet nozzle (L/D = 1.3) of the combustor.
The experimental study of the gasification/combustion characteristics of biomass mixtures includes complex measurements of the flow velocity components using a Pitot tube; the flame temperature was measured by Pt/Pt-Rh thermocouples and the composition of the products was measured by gas sampling probes. The calorimetric measurements of the cooling water flow were made to assess the influence of the mixture thermal decomposition on the heat output of the device. All measurements were made along with the online data registration of the main combustion characteristics [7] .
Results and discussion
This study aims to assess the influence of wheat straw additives on the development of the main combustion characteristics by co-firing wheat straw with wood and peat pellets and to reduce the negative effects of straw on the heat output and composition of the emission. The kinetics of the gasification/combustion characteristics at thermo-chemical conversion of the wood mixtures first of all depends on the mixture composition and on the mass load of the components in the mixture. In addition, the kinetics of the combustion dynamics is highly influenced by the elemental composition of the mixture components. The elemental compositions of the components for the biomass samples, which are used in this study, significantly differ and are summarized in Table 1 . Furthermore, the combustion characteristics during the co-firing of wheat straw with wood and peat pellets are influenced by the chemical composition of the pellets, i.e. the content of hemicelluloses (HC), cellulose and lignin in the biomass. The highest content of HC and cellulose is found in woody biomass, the highest content of lignin in peat pellets, whereas the lowest content of lignin is found in wheat straw pellets [8] . In addition, the wheat straw pellets have a relatively high content (up to 28 %) of residual components, e.g., ash and low-molecular weight carbohydrates and waxes that are the main factors limiting the use of straw for the heat energy production [8] . The difference between the elemental and chemical compositions of biomass pellets determines the variations of the ash yields (Table 1 ) and the release of volatile matter (VM) at thermo-chemical conversion of biomass pellets. The volatile matter content (db) is larger for wood pellets (77.5 %), reduces to 67.2 % for wheat straw and to 57.8 % for peat [9] , with direct influence on the kinetics of the gasification/combustion characteristics by varying the mixture composition and the mass load of straw in the mixture.
The thermo-chemical conversion of the mixtures in this study develops as a multi-stage process and can be characterized by the formation of the primary stage of mixture drying, heating and thermal decomposition of the main components (HC, cellulose and lignin) which occur if the biomass temperature in the gasifier approaches T ≈ 500 K. The pellet thermal decomposition results in the formation of the axial flow of the combustible volatiles (CO, H 2 ) above the biomass layer which rapidly mix with the reverse tangential flow of the secondary air promoting the ignition of the volatiles followed by the development of the flaming combustion and after-flame smouldering stages downstream the weakly swirled flame flow (S ≈ 0.3-0.4). Increasing the mass load of wheat straw pellets in the mixture leads to a delay of the ignition and flaming combustion of the volatiles (CO, H 2 ), whereas it increases the peak values of the flame temperature and heat output from the flame reaction zone with the correlating increase of the CO 2 volume fraction in the products (Fig. 5, a-c) . During the after-flame smouldering stage, the increase of the mass load of straw in the mixture leads to a reduction of the flame temperature with a correlating decrease of the heat output and CO 2 volume fraction in the products. During this stage, the air excess ratio (α) in the products increased from α ≈ 1.7-1.8 for the flaming combustion stage up to 2.4-2.6 for the after-flame smouldering stage. Moreover, the decrease of the flame temperature and the development of the lean combustion conditions promoted the formation of combustion instability at the end stage of the thermo-chemical conversion of the mixture by exciting the low-frequency oscillations of the mass fraction of the unburned volatiles in the products (Fig. 5-d) as well as of the flame temperature, heat output and CO 2 volume fraction in the products.
The enhanced ignition and flaming combustion of the volatiles were observed at the thermochemical conversion of wheat straw pellets mixed with peat pellets which have higher content of lignin with the reduced content of HC and celluloses. When increasing the mass load of straw in the mixture, the higher content of HC and celluloses in the straw pellets provided the faster ignition and flaming combustion of the volatiles along with the most pronounced increase of the flame temperature and heat output up to the peak values (Fig. 2, a-b) , with a mass load of straw pellets being about 20 %. By analogy with the mixture of straw with wood pellets, the transition to the after-flame smoldering stage resulted in the decrease of the flame temperature, heat output of the device and CO 2 volume fraction in the products along with the development of combustion instability (Fig. 6, a-d) . A complex experimental study of the main gasification/combustion characteristics at thermo chemical conversion of straw mixtures with wood and with peat pellets was carried out and compared to assess the suitability of the straw co-firing for clean heat energy production. 2. During the co-firing of straw with wood pellets, the increase of the mass load of straw in the mixture results in ignition delay, whereas it provides the increase of the peak values of the flame temperature, heat output and volume fraction of CO 2 in the products during the flaming combustion of the volatiles with the optimal mass load of straw about 20 %. 3. During the co-firing of straw with peat pellets, the increase of the mass load of straw in the mixture results in enhanced ignition and flaming combustion of the mixture with the optimal mass load of straw in the mixture about 20 %. 4. The negative effect of the straw co-firing with wood and with peat is observed during the after-flame smouldering stage, when the increase of the mass load of straw in the mixtures results in a decrease of the flame temperature and heat output with a correlating increase of the air excess ratio, which has led to the development of combustion instability.
